A region of 7.8 kb of the plasmid pMB2 from Enterococcus faecalis S-48 carrying the information necessary for production and immunity of the peptide antibiotic AS-48 has been cloned and sequenced. It contains the as-48A structural gene plus five open reading frames (as-48B, as-48C, as-48C1, as-48D and as-48D1 ). Besides As-48D, all the predicted gene products are basic hydrophobic proteins with potential membrane-spanning domains (MSDs). None of them shows any homology with protein sequences stored in databanks, except for As-48D, which shows similarity to the C-terminal domain of ABC transporters and contains a highly conserved ATP-binding site. The gene products of as-48B, as-48C, as-48C1 and as-48D are thought to be involved in AS-48 production and secretion. The only gene able to provide resistance to AS-48 by itself is as-48D1. Immunity also seems to be enhanced at least by the products of as-48B, as-48C1 and as-48D genes. Transcription analysis using probes derived from the different ORFs revealed two large (3.5 and 2.7 kb) mRNAs, suggesting that the different genes are organized in two constitutive operons.
Introduction
The antibiotic AS-48 is a non-lantibiotic cyclic peptide with unique structure produced by Enterococcus faecalis S-48. It has a broad antimicrobial spectrum against both Gram-positive and Gram-negative bacteria (Gá lvez et al., 1989a,b) and is encoded by the 68 kb pheromone-responsive plasmid pMB2 (Martínez-Bueno et al., 1990) . The determination of the DNA sequence of the as-48A structural gene and the amino acid sequence of AS-48 proved that a post-translational modification should occur to produce a cyclic molecule with antibacterial activity, involving a tail-head peptide bond formation. This is, therefore, the first example of a ribosomally synthesized cyclic peptide antibiotic. The target of AS-48 is the cytoplasmic membrane, in which it inserts in a voltage-independent manner, forming pores and rendering the membrane permeable to small molecules (Gá lvez et al., 1991) .
Many Gram-positive bacteria secrete ribosomally synthesized polypeptides, which inhibit a range of related microorganisms (Kolter and Moreno, 1992; Klaenhammer, 1993) . Some of them, and especially those produced by lactic acid bacteria, are particularly interesting and offer promising prospects for biotechnological applications as natural food preservatives in the dairy and canning industries. The genes required for expression of these substances are usually organized in a single operon, although additional gene products are needed either for post-translational modifications or for processing and extracellular export, as well as immunity (Klein et al., 1992; Kolter and Moreno, 1992; Klaenhammer, 1993; Kuipers et al., 1993; Gilmore et al., 1994; Venema et al., 1995) .
The immunity determinants of most antibacterial peptides studied so far are closely linked to the structural gene. Nevertheless, information concerning the identity and mode of action of immunity proteins is scarce, although it is believed that immunity proteins against pore-forming bacteriocins either prevent pore formation or block the pores once they are formed (Geli and Lazdunski, 1992) . In the case of lantibiotics, two self-protection mechanisms have been described. One of them involves membraneattached proteins (e.g. SpaI, NisI and PepI), which confer a high level of protection against the peptide antibiotics subtilin, nisin and Pep5 respectively (Kuipers et al., 1993; Klein and Entian, 1994; Reis et al., 1994) . A second immunity mechanism involves secretion of the mature antibiotic molecule, mediated by an ABC transporter (Fath and Kolter, 1993) . Immunity to several non-lanthionine bacteriocins produced by lactic acid bacteria has also been attributed to specific proteins encoded within the operon, such as LciA and PedB, for example, which are immunity proteins against lactococcin A and pediocin PA-1 respectively (Venema et al., 1994; .
In this report, we present a study on the genetic characterization of the region responsible for AS-48 character (production and immunity). Sequencing of the DNA region adjacent to the 3Ј end of the structural gene as-48A revealed a clustered arrangement of the different genes required for AS-48 synthesis, extracellular export, maturation and immunity. These include five additional complete open reading frames (ORFs; as-48B, as-48C, as-48C1, as-48D and as-48D1 ) located in a 7.8 kb SphI-Bgl II fragment of plasmid pMB2. Four of these ORFs shared no homology with previously described protein sequences stored in databases, while as-48D shared a high degree of similarity with the functional C-terminal domain of the ATP-dependent transporters that mediate the export of many bacteriocins in Gram-positive bacteria. This gene product is probably involved in the secretion of AS-48. The role of AS-48D1 in immunity has also been established, although additional proteins are necessary in order to provide full immunity.
Finally, we present data from total RNA analysis showing that the genetic region responsible for biosynthesis and immunity against AS-48 is transcribed in two different mRNAs, suggesting that the genetic information necessary for production of and immunity to AS-48 is organized in two separate operons.
Results

Identification of the genetic region involved in the AS-48 trait
Results from earlier curing and transformation experiments indicated that the 68 kb plasmid pMB2 from E. faecalis S-48 carries all the information required for AS-48 production and immunity (Martínez-Bueno et al., 1990) . The structural gene as-48A was located in a 1.9 kb SphIBgl II fragment of pMB2 after hybridization with DNA probes derived from the AS-48 protein sequence . This fragment was cloned in the bifunctional plasmid pAM401 to generate pAM401-61 ( Fig. 1) , which was introduced into Escherichia coli and then transferred to E. faecalis JH2-2 (AS-48 ¹ , Imm ¹ ). All transformants obtained failed to produce AS-48 (as determined by biological activity assay and immunoblots; Figs 1 and 2) and remained Imm ¹ , indicating that additional information was required for AS-48 production and immunity. Therefore, the 5.9 kb Bgl II fragment of pMB2 adjacent to the 3Ј end of the SphI-Bgl II fragment carrying as-48A was cloned in pAM401-61 in frame ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 27, 347-358 Fig. 1 . Subcloned fragments from pMB2 involved in AS-48 character. pAM401-52 was generated in two steps: first, by cloning the 1.9 kb SphI-Bgl II fragment (containing as-48A ) of pMB2 in pSL1180, and then by insertion in frame of the 5.9 kb Bgl II fragment of pMB2 adjacent to SphI-Bgl II. From this construction, a 7.8 kb NruI-BamHI fragment was subcloned in the E. coli-E. faecalis shuttle vector pAM401 to generate pAM401-52. The structural gene as-48A is represented by the black arrow. The other plasmids were the result of deletions made in pAM401-52 by restriction endonucleases. B, BamHI; Bg, Bgl II; E, EcoRI; P, Pst I; S, SacI; Sm, SmaI; Sp, SphI; Spe, SpeI; X, XcmI. AS-48P indicates the capacity of the different constructions to produce AS-48 (þ) or not (¹), using E. faecalis JH2-2 as indicator strain. Imm: (þ) immunity or lack of immunity (¹) to AS-48. Sensitivity to AS-48 was tested by the overlay technique described in Experimental procedures.
Fig. 2. Immunological detection of the peptide antibiotic AS-48 in
Western blotting of 10% TCA precipitates of culture supernatants of E. faecalis clones carrying the different plasmids. Lanes: 1, purified AS-48 peptide antibiotic (1 g); 2, JH2-2(pAM401-63); 3, JH2-2(pAM401-61); 4, JH2-2 (pAM401-60); 5, JH2-2(pAM401); 6, JH2-2(pAM401-52); 7, molecular weight protein markers (in kDa).
with a SphI-Bgl II fragment to render pAM401-52 (Fig. 1) . Transformants of E. faecalis JH2-2 carrying pAM401-52 were able to produce AS-48, and they also were resistant to it.
Three deletion mutants were obtained from pAM401-52 in order to define the region necessary for antibiotic production. First, because as-48A has an internal Pst I site , the structural gene could be inactivated by removing a 1.7 kb SphI-Pst I fragment from pAM401-52 to generate the recombinant plasmid pAM401-58 (Fig. 1) . This construction determined an AS-48 ¹ Imm þ phenotype. Another mutant was obtained as follows: DNA from pAM401-52 was digested by SpeI (there are three SpeI sites in pAM401-52; Fig. 1 ), and the larger fragment (15.4 kb), carrying a deletion of 2.8 kb, was purified and religated before it was used to transform E. faecalis JH2-2. The transformants bearing the new plasmid, pAM401-60, were unable to produce AS-48 (Figs 1 and 2) and remained Imm ¹ , suggesting that this fragment (SphI-Bgl II) or part of it was required for AS-48 character in E. faecalis. Finally, an AS-48 ¹ Imm ¹ phenotype was also obtained when a 0.7 kb XcmI fragment was removed from the distal part of the cloned fragment (mapping at 4.9-5.6 kb from Sph ; Fig. 1 ). These results indicate that at least 5.6 of the 7.8 kb of pMB2 cloned in pAM401-52 are required for the AS-48 þ Imm þ traits.
DNA sequence analysis and ORFs found downstream of the as-48A gene
The nucleotide sequence next to 3Ј of the structural gene as-48A contained within pAM401-52 (as well as the complementary strand) was determined. According to the codon usage of Enterococcus, computer analysis revealed seven probable ORFs, which were transcribed in the same direction as as-48A (Fig. 3A) . Potential ribosome-binding sites (RBSs) were identified upstream of most ORFs. No obvious transcription termination signals were detected for any of these ORFs. The first reading frame (ORF1 or as-48B ) was found only 74 nucleotides downstream of as-48A, and it was preceded by a putative Shine-Dalgarno (S/D) sequence (AAGGGGGG). This large ORF spans 1689 bp and predicts a protein of 563 amino acids (As-48B), with a theoretical molecular mass of 65.9 kDa and an isoelectric point of 10.48. The 3Ј end of as-48B overlaps by 17 bp with ORF2 (as-48C ). This second reading frame might code for a 178-amino-acid protein (As-48C) with a molecular mass of 20.2 kDa and a pI of 10.07. It is tempting to suggest that as-48C might also have two alternative start codons: the TTG located 6 bp upstream of the ATG codon or the TTG located 36 bp downstream, which is preceded by a putative Shine-Dalgarno sequence (GAGAA). In this case, the resulting protein would have basically the same sequence, except for three additional amino acid residues in the first case or 12 residues less in the second. We chose the preferential use of the ATG codon.
The third reading frame (ORF3 or as-48C1 ) mapped 371 bp downstream of as-48C, and it was preceded by a putative S/D sequence (AGGAAG). The deduced translation product of this gene should be a 164-amino-acid protein (As-48C1), with a predicted molecular mass of 18.8 kDa and a pI of 10.96. The start codon was TTG (leucine), which may also serve as a translational start codon in Enterococcus. The stop codon of as-48C (TAA) partially overlapped with the beginning of ORF4 (as-48D ). This reading frame may code for a 219-amino-acid protein (As-48D), with a predicted size of 25.6 kDa and a pI of 9.3.
The distal 14 bp of as-48D overlaps with the beginning of ORF5 (as-48D1 ) preceded by a putative S/D sequence (GAAGGGAG). This new ORF spans 188 bp and, therefore, it should code for a cationic polypeptide (As-48D1) of 56 amino acids with a pI of 10.81. The ORF6 was located 204 bp downstream of as-48D1. The predicted translate should be a 19 kDa protein (169 amino acids), also with a basic pI (10.21). Finally, the last reading frame (ORF7) found in the DNA fragment cloned in plasmid pAM401-52 partially overlaps with ORF6 and predicts a 407-amino-acid protein, with an estimated size of 45.1 kDa and a pI of 5.37, being the only acidic protein found.
Generation of pAM401-52::Tn 5 derivatives altered in AS-48 production In order to investigate the possible function of the ORFs described above, we obtained different mutants altered in AS-48 production after Tn5 insertion into pAM401-52. The precise location of Tn5 insertions within the different ORFs was determined by EcoRI restriction and nucleotide sequence analyses. Three different phenotypes were obtained with respect to AS-48 production. Accordingly, the different mutants were grouped in three classes (Fig. 3A) . (i) Class 1 mutants failed to produce antibiotic (AS-48 ¹ ), as shown by the absence of zones of inhibition on the indicator strain lawns. Also, attempts to recover AS-48 from concentrated culture supernatants of these mutants were unsuccessful (data not shown). The insertions were located in the following ORFs ( Fig. 3A) : as-48B (mutants 2, 65 and 40), as-48C1 (mutants 6 and 92) and as-48D (mutants 83, 73, 24, 79, 68 and 119) . (ii) Class 2 mutants (15, 47 and 96) produced much smaller amounts of AS-48, yielding halos of inhibition one-third the diameter of those produced by E. faecalis JH2-2(pAM401-52). These mutants mapped within the 3Ј end of as-48C. ( iii) The class 3 mutants, carrying insertions in ORF6 (52) or in ORF7 (87 and 95), still produced normal-sized growth inhibition zones, suggesting that these ORFs were not essential for AS-48 production.
No insertion of Tn5 in as-48D1 was detected. Moreover, all the mutants obtained were resistant to exogenous AS-48, as we shall discuss later.
Analysis of the DNA region responsible for immunity to AS-48
The role of the different ORFs in immunity against AS-48 can be inferred from the characteristics of the various deletion and transposition mutants obtained. First, the deletion mutants (pAM401-60 and pAM401-63) were sensitive to AS-48 only if they lacked the DNA region corresponding to the ORFs as-48D and as-48D1. Secondly, all the Tn5 mutants shown in Fig. 3A were resistant to AS-48. As they carried insertions in all the ORFs except as-48D1, we may conclude that four out of the seven ORFs described are not essential for immunity. Moreover, inactivation of as-48D1 should be lethal unless the genes involved in AS-48 production were also inactivated.
An additional experiment was carried out, in which pAM401-52 was digested with EcoRI and the fragments were religated to the EcoRI-cleaved and dephosphorylated pAM401 vector. The transformants obtained were replica plated on brain-heart infusion (BHI) agar containing Cm plus AS-48 (0.6 g ml ¹1 ). After incubation overnight at 37ЊC, several Cm R Imm þ colonies were observed. All the isolates had an EcoRI insert of approximately 3 kb containing the genes as-48C, as-48C1, as-48D and as-48D1 (Fig.  3B ), which was assigned at a position 1.2 kb downstream of the as-48A structural gene. This plasmid was named pAM401-64, and it conferred an AS-48 ¹ Imm þ phenotype to E. faecalis JH2-2.
To determine more precisely the role of these ORFs in immunity against AS-48, different constructions were made. First, we obtained deletion mutants derived from pAM401-64 in order to shorten the cloned region. All the mutants lacked the genes as-48D and as-48D1 (they only contained the intact genes as-48C and as-48C1, e.g. pAM4011-6 and pAM4012-1), and they were all sensitive (Imm ¹ ) to AS-48 (Fig. 3B ), suggesting that, in accordance with previous data, the products of these genes were not directly involved in immunity. However, the interruption of as-48D (as well as as-48B or as-48C1 ) resulted in an AS-48 ¹ Imm þ phenotype, suggesting that as-48D was not directly involved in immunity.
To verify the immunity function of as-48D1, a new construction was made containing the as-48D1 gene alone, which was amplified by polymerase chain reaction (PCR) as described in Experimental procedures. For this purpose, the mutant pAM401-52::Tn5-79 (in which as-48D should be completely inactivated by the Tn5 insertion mapping 417 bp downstream of its ATG codon) was used as template. The PCR product obtained was subcloned in both orientations into pAM401 to produce the recombinant plasmid pAM401-D1, which was transferred to the plasmid-free strain E. faecalis JH2-2. This plasmid was capable of conferring AS-48 resistance to the same extent as pAM401-64 or pAM401-12 (harbouring as-48D and as-48D1 ) regardless of the orientation of the insert. The fact that, in the absence of as-48D1 (i.e. plasmid pAM401-63) none of the as-48 genes conferred any measurable resistance strongly suggests that the product of this gene is the immunity protein against the peptide antibiotic AS-48.
Immunity levels of different mutants to AS-48
The different mutants presented in this work were classified as resistant to AS-48 only if they were able to grow in the presence of amounts of AS-48 at least 10-fold higher than the minimal amount causing complete inhibition of the control-sensitive strain E. faecalis JH2-2 (0.1 g per spot). Nevertheless, various degrees of resistance were found when the different mutants were tested against increasing concentrations of AS-48 (Table 1 ). The level of immunity of the strain harbouring pAM401-52 was of 2.2 g per spot, similar to the wild-type AS-48 producer under the same assay conditions. This concentration was used as a reference for the other strains. Three different levels of immunity could be distinguished: (i) type I (full immunity; strains resistant to at least 2.2 g of AS-48 per spot): wild-type producer strain and mutants carrying pMB2 or pAM401-52 (strains carrying the complete set of as-48 genes); (ii) type II a (high level of immunity; strains slightly sensitive to 2.2 g of AS-48 per spot): mutant lacking the as-48A structural gene (plasmid pAM401-58), as well as those carrying interruptions within the genes as-48B, as-48C1 or as-48D ; (iii) type II b (intermediate, but still significant immunity, affording 55% protection with respect to type II a ): transformants with pAM401-12, pAM401-64 or pAM401-D1 plasmids, harbouring immunity gene as-48D1 but deficient in the structural gene as-48A and also in several genes located upstream of as-48D1.
These results indicate that, while as-48D1 is essential for immunity to AS-48 (inactivation of as-48D1 unambiguously determines a sensitive phenotype), this gene confers only partial immunity to AS-48, the expression of the as-48B, as-48C1 and as-48D genes being necessary to confer full resistance. Obviously, the lack of as-48D1 gene (pAM401-60, pAM401-63, pAM4011-6 and pAM4012-1 transformants) determines a sensitive phenotype, identical to the JH2-2 plasmid-free strain or JH2-2 carrying pAM401 vector, both used as controls.
Predicted structural properties of the different gene products involved in AS-48 character and their similarities to other proteins
On the basis of the deduced amino acid sequences, most of the gene products involved in AS-48 production and immunity (as-48ABCC1DD1 ) were predicted to be predominantly basic and hydrophobic proteins, as deduced from hydropathy plots and amino acid composition (data no shown). All these proteins should have a high number of potential membrane-spanning ␣-helix domains, e.g. at least eight in As-48B, six in As-48C1 and four in As-48C. Such secondary structures are typically found in integral membrane components.
Except for As-48D, none of the predicted proteins showed significant homology/similarity to known proteins after comparison with the current protein databases SWISSPROT, PIR and EMBL, using the programs FASTA, TFASTA and BLASTA.
The deduced translation product of as-48D (As-48D) should be a partially hydrophilic protein, lacking any extensive hydrophobic stretches able to form transmembrane domains. This protein shared strong homologies with the superfamily of bacterial, ATP-dependent, transport proteins (Fig. 4) , also known as ABC transporters (Higgins et al., 1986; Fath and Kolter, 1993) . The highest degree of homology was found with SpaF (32% identity, 52% similarity including conservative changes), NisF (31% identity, 56% similarity), McbF (30% identity, 46% similarity) and KpsT (30% identity, 52% similarity), which are ATP-dependent proteins required for resistance to subtilin, nisin and microcin B17 transport/resistance and polysialic acid transport in E. coli respectively (Garrido et al., 1988 al., 1991; Klein and Entian, 1994; Siegers and Entian, 1995) . High scores were also obtained with the C-terminal domain of CylB (22.8% of conserved amino acids, with 44.2% similarity), an E. faecalis protein required for the secretion of cytolysin (Gilmore et al., 1990) , and also with NisT (25% identity, 49% similarity), a Lactococcus protein involved in the translocation process of nisin (Engelke et al., 1992) . All these proteins show a highly significant similarity within the conserved A and B sites (Walker A and B motifs) and loop 3 (S-G) found in the C-terminal part, which altogether constitute the ATP-motif (Walker et al., 1982; Higgins et al., 1986) . The amino acid similarity of As-48D to these proteins was much less striking outside of these motifs (Fig. 4) . The predicted gene product As-48D1 is a small molecule with a high percentage of hydrophobic residues (68.5%) and a very hydrophobic profile, according to the predictions obtained using the method of Kyte and Doolittle (1982) . It also has a C-terminal hydrophilic region. Analysis of this sequence using GCG software indicates that As-48D1 should have two ␣-helices within its hydrophobic portion, with features that are typical of transmembrane domains.
Transcriptional analysis of the as-48 genes
The expression of the as-48 gene cluster was studied by Northern blot using total RNA from cells of JH2-2(pAM401-52) and several Tn5 insertion mutants. The probes used included PCR-amplified fragments of as-48A, as-48B, as-48C, as-48C1, as-48D and as-48D1. Previous mutagenesis results did not predict a polycistronic transcript encompassing the whole operon. In fact, ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 27, 347-358
Fig. 4.
Comparative alignment of AS-48D and representatives of a family of proteins with a consensus ATP-binding sequence. This alignment was performed using the GCG programs PILEUP and PRETTY. Figures in brackets on the right correspond to the first and last residues of the region shown in each line. The numbers of amino acids concerned are given on the far right. A consensus sequence based on sites in which a majority of sequences display identical residues is shown underneath. The peptide region corresponding to the Walker A and B motifs (Walker et al., 1982) and the loop 3 (Hyde et al., 1990) are in bold underlined. NisF (Siegers and Entian, 1995) ; SpaF (Klein and Entian, 1994) ; McbF (Garrido et al., 1988) ; NisT (Engelke et al., 1992) ; CylB (Gilmore et al., 1990) ; KpsT (Pavelka et al., 1991) . 1-3  respectively) . B. Total RNA from C-15 mutant JH2-2(pAM401-52::Tn5-15) (lane 1) or JH2-2(pAM401-52) (lane 2) was hybridized with probes derived from as-48A. C. Total RNA from E. faecalis JH2-2(pAM401-52) was hybridized with probes derived from as-48A, C1, D and D1 genes (lanes 1-4 respectively). D. Organization of the transcriptional units T1 (encompassing the as-48A, as-48B and as-48C genes) and T2 (encompassing as-48C1, as-48D, as-48D1 ). Bg, Bgl II; Sp, SphI. *Endonucleolytic degradation products. Arrowhead indicates a 0.33 kb fragment. transcriptional analysis revealed two main transcripts (T1 and T2).
Hybridization with the probe derived from the as-48A structural gene revealed a 3.5 kb transcript (T1), which corresponded to the expected size of the messenger of a transcriptional unit including as-48ABC. This probe also hybridized with a band of 0.33 kb and multiple discrete bands (Fig. 5A) . T1 was also recognized by probes derived from the ORFs as-48B and as-48C, but not by probes derived from as-48C1, as-48D or as-48D1. The size of T1 was not affected significantly by Tn5 insertion at the very end of as-48C (encompassing the last 15 bp upstream of the stop codon of as-48C ; e.g. mutant C-15, Fig. 5B ) and, therefore, the promoter for T1 mRNA should map at least 1 kb upstream of as-48A.
When probes derived from as-48C1, as-48D or as-48D1 were used, a second mRNA transcript of approximately 2.7 kb (T2) was also detected (Fig. 5C ), suggesting a second transcriptional unit. This second large transcript showed much less intensity on the gels than T1, requiring longer exposure times during Northern blot development.
Altogether, these data strongly suggest that the structural gene as-48A and the five ORFs located downstream are organized in two operons of 3.5 and 2.7 kb each, both of which seem to be under constitutive transcription (Fig. 5D ).
Discussion
Production of peptide antibiotics requires synthesis of the molecule, export into extracellular milieu and immunity of the producer. The case of AS-48 is even more complex, involving a post-translational modification consisting of removal of the signal peptide and cyclization of AS-48 (Martínez-Bueno et al., 1994; Samyn et al., 1994) .
The 68 kb plasmid pMB2 encoding for AS-48 in E. faecalis S-48 contains not only the structural gene as-48A, but also a downstream DNA region, which is necessary for AS-48 character. The DNA sequence analysis of a 7.8 kb fragment cloned in pAM401 and expressed in E. faecalis JH2-2 revealed five new ORFs involved in production and immunity against AS-48 (named as-48B, as-48C, as-48C1, as-48D and as-48D1 ) in addition to as-48A.
To verify the existence of the predicted ORFs, we have carried out a transcription analysis in the AS-48 producer strain JH2-2(pAM401-52) and several Tn5 mutants. Two mRNA populations of approximately 3.5 (T1) and 2.7 kb (T2) were detected in the Northern blots, ruling out the possibility that the different ORFs were transcribed as a single operon. These data are in agreement with those obtained by Tn5 insertions, which are known to be polar (Miller, 1972) . Transcript T1 hybridized only with probes derived from as-48A, as-48B and as-48C genes, indicating that these genes are co-expressed as a 3.5 kb polycistronic mRNA, whose promoter should map at least 1 kb upstream of as-48A. Nevertheless, this transcript did not appear to be very stable, as shown by the multiple discrete mRNA bands detected in our experiments. We suggest, according to Marqué s et al. (1993) , that these bands are originated from endonucleolytic cleavage with accumulation of stable mRNA degradation products. This fact could have two separate consequences: either the mRNA transcript is degraded and rendered inactive for further translation or, alternatively, it is cleaved at specific processing sites to regulate differentially the expression of genes within the transcript. The second option should explain the 0.33 kb band (specific for as-48A ), as there is no obvious promoter at the 5Ј end of this gene. This fragment would also include the wellconserved Shine-Dalgarno sequence and the probable transcriptional terminator structure between the as-48A stop codon and the beginning of as-48B , which would allow loading of ribosomes for independent translation of this gene product. A similar situation has been described for nisin, in which the structural gene nisA is transcribed as part of a polycistronic operon whose promoter is at least 4 kb upstream of nisA (Buchman et al., 1988; Steen et al., 1991; Kuipers et al., 1995) . In the case of nisin, there is also a small 300 bp transcript, which seems to arise after processing of the larger transcript at the level of the inverted repeats located between nisA and nisB (Engelke et al., 1992) .
We have also found a second transcriptional unit T2 (of approximately 2.7 kb) that is recognized specifically by probes derived from as-48C1, as-48D and as-48D1. Because of its size, this second transcript should extend about 1 kb downstream of the as-48D1 gene.
The elucidation of the possible role of the different ORFs has been studied by sequence alignment analysis of the putative gene products with protein sequences stored in databanks, as well as functional analysis using Tn5 insertion mutagenesis. Inactivation of as-48A, as-48B, as-48C1 or as-48D impairs AS-48 production. Inactivation of as-48C decreases the amount of AS-48 produced, while as-48D1 is required for immunity.
The products of the as-48C1 and as-48D genes are clear candidates for protein export and are thought to be involved in AS-48 secretion. As-48D (a partially hydrophilic protein containing no extensive hydrophobic stretches able to form transmembrane domains) has two ATP-binding motifs (sequences G-X-G-K-S(T)-T and L-L-D-E-P), resembling the A and B sites found in ABC transporters. The conserved lysine (A-site) and the aspartate (B-site) residues are thought to be close to each other in the folded state, forming a binding pocket that interacts directly with the ATP molecule (Higgins et al., 1986; Fath and Kolter, 1993) .
Owing to the highly hydrophobic nature of the protein As-48C1 (with six ␣-helical domains), it might be the hydrophobic partner providing the membrane-spanning domain (MSD). Several ABC transport systems in which the ATP-binding domain and the hydrophobic portion are separate proteins have been described, including those involved in nisin, subtilin, microcin B17 and polysialic acid transport (Garrido et al., 1988; Pavelka et al., 1991; Klein and Entian, 1994; Siegers and Entian, 1995) . Finally, disruption of as-48C (which was predicted to encode a highly hydrophobic protein with four ␣-helical domains) only decreases the amount of AS-48 produced, suggesting that it may have only an accessory or complementary function. So far, only the secretory mechanism of AS-48 involving the proteins As-48C1 and As-48D can be envisioned, suggesting that the gene products As-48B and As-48C may also be part of a putative multicomponent system able to carry out the simultaneous maturation (involving removal of the leader peptide and tail-head cyclization) and secretion of AS-48. In this sense, it has been shown that ABC exporters are able to remove leader peptides of the double-glycine type concomitantly with export (Håvarstein et al., 1995) . Nevertheless, the case of AS-48 is more complex, as it does not have a double-glycine signal peptide and also because a peptide cyclization must occur.
Judging from its amino acid sequence, the as-48D1 immunity gene should encode a 6.3 kDa cationic protein (estimated pI 10.81). Indirect evidence suggests that the immunity peptide As-48D1 has the structure of an integral membrane protein rather than being weakly associated with the cell membrane, as has been established for other immunity proteins: PepI (Reis et al., 1994) or Lactococcin A immunity factor (Nissen-Meyer et al., 1993) . In this respect, the predicted hydrophobic profile and helical wheel representation of As-48D1 (data not shown) suggests the existence of two transmembrane segments with a typical conformation in ␣-helix and a C-terminal hydrophilic region. A similar topology has been proposed for the immunity protein of divergicin (Worobo et al., 1995) .
Regarding the immunity mechanism against AS-48, the requirement for the as-48D1 gene has been demonstrated. This gene has been localized immediately downstream of the as-48D gene and is encompassed by the T2 transcript together with as-48C1 and as-48D. The close location of the as-48D1 to the 3Ј end of as-48D suggests that both genes could be transcribed under the control of the same promoter. Nevertheless, transcription of as-48D1 by an additional wave cannot be ruled out. This hypothesis is supported by the results obtained with the D-79 mutant, having T2 transcription impaired by Tn5 insertion in as-48D. However, this mutant shows a type II a level of resistance, which can only be explained assuming that there is an additional monocistronic mRNA for the immunity gene as-48D1 (which has not been detected so far). This will be substantiated by further transcriptional studies.
Although the implication of as-48D1 in immunity has been clearly demonstrated, it also seems clear that other ORFs from the as-48 gene cluster may play a role in enhancing immunity as well (such as as-48B, as-48C1 and as-48D, whose interruption causes an intermediate level of immunity, type II a ). At least the predicted gene products, As-48C1 and As-48D, are thought to be involved in AS-48 secretion. We think that they may act as a pump that, in addition to its secretory function, may also protect the cells from exogenous AS-48. A similar complementary mechanism involving membrane components of the export system has also been suggested for microcin B17, subtilin and Pep5 immunity (Garrido et al., 1988; Sarik et al., 1996) .
In summary, it seems clear that at least the predicted proteins As-48B, As-48C, As-48C1, As-48D and As-48D1 are involved in production and immunity against AS-48. As-48D1 is essential for immunity protein, although the level of protection is also enhanced by other ORFs. Probably, the wild-type level of immunity requires the co-operation of the putative multiprotein complex involved in AS-48 production. Moreover, As-48C1 and As-48D might constitute a multicomponent ABC transporter. The as-48B gene also seems to be necessary for AS-48 production, and its predicted gene product may also be part of the secretory system, although it shows no homology to previously described proteins. Finally, the predicted gene product As-48C could play an accessory function.
Experimental procedures
Bacterial strains and plasmids
The plasmid-free strain, Enterococcus faecalis JH2-2 (Ike et al., 1983) , was used in cloning experiments and heterologous production of AS-48. E. faecalis JH2-2(pMB2) is a transconjugant from a mating between the AS-48 producer strain E. faecalis A-48-32 (Martínez-Bueno et al., 1990 ) and E. faecalis JH2-2. Enterococcal cells were grown overnight without aeration at 37ЊC in BHI broth or Todd-Hewitt (TH) broth. Escherichia coli strain DH5␣ (Bethesda Research Laboratories) was used as an intermediate host for cloning. It was grown with shaking in Luria broth (LB) at 37ЊC.
The plasmid pAM401 was used as E. coli-E. faecalis shuttle vector (Wirth et al., 1986) . All plasmids used and constructed in this work are listed in Table 2 . A schematic diagram of the different constructions is shown in Fig. 1 .
Antibiotics were used at the following concentrations: ampicillin (Ap) 50 g ml ¹1 ; chloramphenicol (Cm), 20 g ml ¹1 ; tetracycline (Tc) 10 g ml ¹1 .
Detection of AS-48
Immunoblotting techniques. Trichloroacetic acid (final concentration, 10% wt/vol) was added to late exponential phase culture supernatants of transformants and control strains, and the precipitate was collected by centrifugation and neutralized while being redissolved in SDS-PAGE sample buffer. SDS-PAGE was performed in 15% polyacrylamide gels with a Miniprotean dual-slab cell apparatus (Bio-Rad). Western blotting onto nitrocellulose (pore size, 0.45 mm; Schleicher & Schuell) was performed as described by Towbin et al. (1979) using a Bio-Rad mini trans-blot apparatus.
Membranes were blocked with 2% BSA in TBS (100 mM Tris-HCl, 150 mM NaCl, pH 7.5) for 60 min at room temperature, after which they were incubated with the primary antibody for 2 h at room temperature or overnight at 4ЊC (Maqueda et al., 1993) . After three washings with TBS, the membranes were incubated for 1 h with an appropriate solution containing anti-rabbit IgG (alkaline phosphatase conjugate) for 2 h before they were washed first with TBS and then with AP buffer (100 mM Tris-HCl, 100 mM NaCl, 5 mM MgCl 2 , pH 9.5) and incubated in AP buffer containing nitroblue tetrazolium and 5-bromo-4-chloro 3-indolylphosphate. Bands that reacted positively turned brown within 15-20 min. Finally, the membranes were thoroughly rinsed with water.
Antimicrobial activity assays. Production of AS-48 by E. faecalis mutants was assayed by spotting 2 l from a liquid overnight culture onto BHI agar (1.5%) followed by incubation at 37ЊC for 16 h. The plate was then overlaid with 5 ml of BHI soft agar (BHI 1.5%, agar 0.75%) containing a 2% inoculum of E. faecalis JH2-2-sensitive cells and incubated at 37ЊC for 12-18 h before reading the results.
The degree of sensitivity of the different mutants to AS-48 was determined as follows. Aliquots (5 l) from serial dilutions of purified AS-48 with a known protein concentration were spotted onto BHI agar plates that had previously been overlaid with 5 ml of BHI soft agar inoculated with the indicator strain being tested. After incubation for 18 h at 37ЊC, the smallest amount of AS-48 that produced a visible halo of inhibition on the seeded lawn was determined.
Plasmid DNA isolation, transformation and cloning E. faecalis plasmid DNA was extracted according to Anderson and McKay (1983) . Plasmid DNA from E. coli strains was isolated by alkaline lysis (Maniatis et al., 1989) . Large-scale plasmid DNA preparations were purified using a Flexiprep kit (Pharmacia Biotech). E. coli cells were transformed using the CaCl 2 procedure (Maniatis et al., 1989) ; E. faecalis cells were transformed by electroporation according to Fiedler and Wirth (1991) . Cm-resistant transformants were screened for AS-48 production by replica plating and overlay with a sensitive strain.
General molecular cloning techniques, DNA sequencing and sequence analysis Standard procedures were used for molecular cloning, as described by Maniatis et al. (1989) . Restriction enzymes, T4 DNA ligase, calf intestine phosphatase and other DNAmodifying enzymes were bought from Gibco/BRL (Life Technologies) and Boehringer Mannheim and used as recommended by the manufacturers. In general, all manipulations were made in E. coli, and the desired constructions were then transferred to E. faecalis JH2-2. For DNA sequence, restriction fragments from pAM401-52 were subcloned into pGEM3Zf(þ). Nested deletions were generated using Exonuclease III and the Promega Erase-a-base kit. DNA was sequenced using the dideoxy chain termination method (Sanger et al., 1977) . Universal and reverse sequencing primers were from Pharmacia Biotech. Subsequent sequencing was made by a primer-walking strategy. The primers were synthesized by Eurogentec. The nucleotide sequences were aligned and analysed using the Genetics Computer Group (GCG) program package (version 8) on a Vax computer. Databases used in homology searches were GenBank (Release 89.0), SWISSPROT (Release 31.0), and PIR (Release 44.0).
Generation of transposon insertional mutants
Transposition of Tn5 into pAM401-52 was accomplished by introducing this plasmid into E. coli RYC1000. After infecting E. coli RYC1000 (pAM401-52) with I 857 O am29 P am80 b221 rex ::Tn5 and plating in kanamycin-chloramphenicol medium, DNA was prepared from Km R Cm R transductants. The plasmid DNA obtained was used to transform E. coli DH5␣, selecting for Km R Cm R . To map the Tn5 insertion sites, Bgl II, BamHI and EcoRI digests were performed. Selected pAM401-52::Tn5 mutagenized DNAs were transferred to E. faecalis JH2-2 by electroporation, and the transformants obtained were screened for AS-48 production and immunity.
DNA cloning and amplification by the polymerase chain reaction
The plasmid pAM401-D1 was constructed by cloning a PCR product of the as-48D1 gene. For this purpose, the plasmid pAM401-52 (D79), harbouring a copy of Tn5 at the position of 5272 bp from SphI of pAM401-52 that completely abolished the as-48D gene, was used as template.
The 18-mer of the left arm of Tn5 was used as a forward oligonucleotide (5Ј-GATCCTGGAAAACGGGAA-3Ј) and the oligonucleotide as-48D1-2 (5Ј-AAGCTTCCTAAGATTTC-3Ј) mapping at the 5Ј end of as-48D1 as reverse primer. PCR mixtures contained 1 mM each primer, 200 mM deoxynucleoside triphosphate, 5 mM MgCl 2 , 2.5 U of Taq DNA polymerase (Pharmacia) and 1 × reaction buffer (Pharmacia). DNA was amplified with 30 cycles (denaturation at 95ЊC for 1 min; annealing at 48ЊC for 1 min; extension at 72ЊC for 1 min) followed by a final extension step at 72ЊC for 5 min. The PCR mixtures were purified with a SpindBind (FMC). The PCR product was cloned into pGEM-T under conditions recommended by the manufacturers. From there, it was inserted into the E. coli-E. faecalis shuttle vector pAM401 in both orientations. The resulting plasmid pAM401-D1 (plus and minus orientation) was electroporated into E. faecalis JH2-2.
Northern blot analysis
Total RNA of E. faecalis was isolated as described elsewhere (Qiagen RNeasy Mini Kit) and separated electrophoretically in a 1% agarose-formaldehyde gel (10 g per lane). RNA was transferred by capillary blotting onto nylon membranes (Hybond-Nþ; Amersham) in 20 × SSC (1 × SSC is 0.15 M NaCl plus 0.015 M sodium citrate) overnight and fixed by UV illumination for 3 min. The filters were incubated overnight at 50ЊC in high SDS concentration buffer at pH 7 (7% SDS, 50 mM sodium phosphate buffer, 50% formamide, 5 × SSC, 2% blocking reagent, 0.1% N-laurylsarcosine) containing 100 ng of specific probes.
Probes used in the Northern blot experiments were labelled in a thermocycling reaction using the deoxynucleotide triphosphate-labelling mix of a DIG-DNA labelling and detection kit from Boehringer Mannheim and pAM401-52 as template. The following primers were used: as-48A-1 (5Ј-AATAAACT-ACATGGGT-3Ј) and as-48A-2 (5Ј-TAATTTCTTTCTTAAG-GT-3Ј) for as-48A ; as-48B-1 (5Ј-GGAGCATCAAATTGTT-AT-3Ј) and as-48B-4 (5Ј-AATCCTATTACTACAATAA-3Ј) for as-48B ; as-48B-8 (5Ј-ACATGCGATTAGATACCA-3Ј) and as-48C-3 (5Ј-TACATGTGTAGGCGT TTT-3Ј) for as-48C ; as-48C1-1 (5Ј-GAGTATACTTATCGACTTT-3Ј) and as-48C1-3 (5Ј-CATTACTTTACTCCTACC-3Ј) for as-48C1 ; as-48D-2 (5Ј-GGTGTAGGAAAAACAACAT-3Ј) and as-48D-3 (5Ј-AGGTTCATCTAAATAATAC-3Ј) for as-48D ; as-48D-4 (5Ј-AGGGAGTAAACTTGAAAA-3Ј) and as-48D1-2 (5Ј-AA-GCTTCCTAAGATTC-3Ј) for as-48D1. DIG-labelled RNA-DNA hybrids were detected with the DIG-DNA detection kit (Boehringer Mannheim) according to the instructions of the manufacturers.
A lane was cut off, stained with ethidium bromide and the ribosomal RNAs and RNA molecular weight marker I (Boehringer Mannheim) were used as molecular weight reference.
Nucleotide sequence accession number
The nucleotide sequence of the AS-48 gene cluster from pAM401-52 plasmid was submitted to the GenBank and was given the accession number Y12234.
